Abstract The Moving Bed Biofilm Reactor has proven to be an efficient system in wastewater treatment and has become a viable solution for small treatment plants. The main objective of this research was to analyse the performance of a moving bed reactor using low-cost local material when fed with municipal wastewater. A pilot reactor with a total volume of 900 litres was built and it was fed continuously with municipal wastewater. The operation of the system was adjusted to six different organic loading rates. The biofilm carrier was polyethylene tubing with internal diameter of 1.1 cm, cut into pieces of 1.2 cm. The tested material offered a specific surface area of 590 m 2 /m 3 . Air was provided with a fine-bubble diffuser. The main results show that the reactor performance was stable and predictable. The COD removal confidently behaves according to a general hyperbolic kinetic equation. The maximal total COD removal attained was 81%. Nitrification was observed only for organic loads with values under 5.7 gCOD/m 2 ·d. Good adherence of the microorganisms was observed for the applied organic loading rates. After several months of operation, the material showed no signs of abrasion or deformation. The sludge production behaved linearly with the organic load reaching 979 gTSS/d with the highest organic load of 35.7 gCOD/m 2 ·d. The amount of microorganisms attached to the carrier increased with the organic load tending to an asymptotical maximal value of 17.3 g/m 2 (as dry solids). Mean cellular retention times from 2.0 to 23.1 days were determined.
Introduction
The Linpor process was developed in 1980 and the first wastewater treatment facility was installed in Freising, Germany, in 1984 (Morper and Wildmoser, 1990) . Six years later, a full-scale plant was built in Steinsholt, Norway, with the Kaldnes process. After this moment the "Moving Bed" system began to be well known (Rusten et al., 1997) . These are the most well known commercial systems. Since then, several other wastewater treatment plants have been built and studied in different countries like USA, Sweden, The Netherlands, Japan, France and Italy (Lazarova and Manem, 1994; Andreottola et al., 2000) .
The biofilm growing on a carrier material suspended in an aeration tank has several advantages over other conventional systems: the reactor does not need sludge or a water recirculation system to reach high microorganisms concentration (Odegaard et al., 1994) ; the mixing enhances the convective transport of the pollutants to the biofilm (Lazarova and Manem, 1994) ; the excess sludge settles easily in the secondary clarifier (Tyagi and Vembu, 1990) ; sludge generation is lower than in conventional systems (Iwai et al., 1990) and the energy consumption related to the COD removed is low (Chaudhry and Beg, 1998) .
The main success of these reactors is the carrier material. It has to have several characteristics to be adequate for the purpose of the system: the biofilm has to be resistant to the mechanical stress caused by the turbulence; the material has to be stable over several years inside the wastewater and it has to have a large specific surface area for the developing of the biofilm. Reactors have been tested with different carrier materials and in different countries (Lazarova and Manem, 1994; Andreottola et al., 2000; Nicolella et al., 2000) . The main objective of this research was to analyse the performance of a moving bed reactor using low-cost local material when fed with municipal wastewater.
Method
A pilot reactor with a total volume of 900 litres was built and it was fed continuously with municipal wastewater (Figure 1 ). One circular fine-bubble diffuser was installed at the centre of the circular bottom. By changing the wastewater flow, the operation of the system was adjusted, one after the other, to six different organic loading rates: 2, 6, 10, 13, 18, and 35 gCOD/m 2 ·d. Between runs, 10 to 30 days were allowed for the system to adapt to the new loading conditions before sampling. Influent and effluent samples were taken over periods of 24 hours. The samples were analysed for COD total , COD soluble , COD supernatant , NH 4 -N, NO 3 -N, PO 4 -P, and suspended solids in the reactor. Temperature, pH and dissolved oxygen were continuously monitored. The biofilm was analysed microscopically, for dry mass, and total organic nitrogen.
The support material consists of corrugated tubing made of high-density polyethylene (0.94 g/cm 3 ) (Figure 2) . Commercially, the carrier material is distributed with 4 different internal diameters: 1.10, 1.45, 1.84, and 2.57 cm. After considering different possible growth patterns of the biofilm on the carrier material and optimising the results for a large surface area, the one with internal and external diameters of 1.10 and 1.56 cm, respectively, was selected. The wall thickness was 0.03 cm. The tubing was cut into segments of 1.2 cm. The specific surface area of the bulk material is 590 m 2 /m 3 . With 27% of the rector volume being occupied by the support material, the total surface area exposed was 143 m 2 .
Results
Tables 1 and 2 present the main results of this work. The values in these tables are the average of the sampling over five days in a week. The complete experimental work needed 237 days including 60 days for the start-up of the reactor and the formation of the biofilm. The lowest and highest organic loading rates tested correspond to contact times in the reactor between 7.6 and 0.8 hours, respectively. The temperature varied from 18 to 20°C. The effluent pH values increased from 7.3 to 7.7 with the organic load. Both temperature and pH variations were minimal during the experimental period and thus considered negligible for the present analysis.
Suspended solids
In every analysis performed, effluent TSS was higher than in the influent. Table 1 and Figure 3 compare the sludge production (as TSS) with the organic load and other For lower and higher organic loads, yield coefficients from 0.12 to 040 kgDRYMass/ kgCODremoved, respectively, were obtained. The support media allowed good adherence of the microorganisms to it.
Considering a steady state system, the Mean Cellular Retention Time (MCRT) was calculated dividing the dry mass of microorganisms attached to the plastic material between the TSS mass flow in the effluent neglecting the influence of the TSS in the reactor. MCRT values were observed from 2.0 to 23.1 days for the highest and lowest organic loading rates, respectively. Under the organic load value of 10 gCOD/m 2 ·d the MCRT increases dramatically from 4.4 to 23.1 days; above this value the MCRT remains between 4.4 and 2.0 days. This means that increasing the organic load above 10 gCOD/m 2 ·d does not represent a significant change in the MCRT.
It is interesting to observe that the amount of biomass attached to the carrier material increased with the organic load tending to an asymptote (Figure 4 ). Increasing the organic load above 30 gCOD/m 2 ·d would not allow higher concentrations of microorganisms attached on the carrier surface. Consequently and corresponding with the microorganisms concentration in the reactor, the removal efficiencies would increase in the same way tending to a maximal value independent of the increasing organic load. Similar findings were reported by Hamoda (1989) for the aerated submerged fixed-film (ASFF) process. Figure 5 shows a photograph of the carrier material with microorganisms growing in an unexpected fashion. In all the other runs with higher organic loading the biomass growth appeared well distributed over the surface with higher concentrations in the inside of the J.C. Orantes et al. tubes and in the crevices of the carrier. Lower concentrations of attached biomass were observed on the external parts of the material due to the constant collisions between the plastic units inside the reactor. The mixing in the reactor was homogeneous and no abrasion or deformation of the carrier was observed after eight months of continuous operation ( Figure 5) . Nicolella et al. (2000) indicate that the attached biofilm changes density, thickness and form according to the operation conditions. Different organic loading rates produce biofilms (or attached forms) with different characteristics caused by the species composition changing with the operation conditions (Okabe et al., 1998) .
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COD removal
The system proved to be efficient for the removal of organic substances (Table 2) . Total COD removal rates were 57% for the highest organic load and 79/81% for the lowest. The effluent COD were determined after 30 min settling of the effluent. It is important to note that the settling of the suspended solids in the effluent was very good producing treated water with none or low turbidity. Dissolved COD removal was 41 for the highest load and 71% for the lowest one. The effluent total COD values lie above 50 mg/l for organic loading rates over 10 gCOD/m 2 ·d. Figure 6 shows the COD removal rates as a function of the organic load. In Figure 6 and Table 2 it can be observed that both total and dissolved COD removal rates decrease with increasing organic loads producing total COD removal rates over 70% for organic loads under 10 gCOD/m 2 ·d. Removal values between 40 and 60% correspond to organic loading rates over 10 gCOD/m 2 ·d. Table 2 shows that the soluble COD removal consequently presents values lower than total COD removal. The average dissolved COD removal is 16% lower than the total COD removal rate.
NH 4 -N and PO 4 -P removal
Only with the two lowest organic loads was true nitrification observed (Table 3 and Figure  7 ). Average concentration values of nitrates in the effluent were detected when the MCRT of 12.8 days and above were achieved. The organic load of 10.2 gCOD/m 2 ·d corresponds to MCRT of 4.4 days, which, apparently, was too low to allow the growth of nitrifying microorganisms. For the highest MCRT higher nitrification rates were expected for the corresponding average temperature.
For the individual runs removal rates of ammonia reached 51, 58, and 100% ( Figure 7 ). Full nitrification was not achieved (low effluent nitrate). With the exception of the two lower organic loading rates the effluent nitrate values are a consequence of the observed low influent concentrations.
The phosphate removal behaves inversely proportionally to the organic load. Average removal rates between 2 and 18% were obtained. shows that higher removal rates were obtained for organic loads under 13 gCOD/m 2 ·d. This behaviour could be explained if the system was designed for biological P removal or precipitation of the phosphates was desired. The system was normally operated under aerobic conditions and no further explanation for this behaviour can be given. Under normal conditions, it can be expected that the removal rates increase with the organic load and, correspondingly, with the increasing of the growth rate of the microorganisms. Table 2 and Figures 3 and 4 show a direct relationship of the microorganisms growth with the organic load. Contrary to the expected, the phosphorus uptake decreases with the organic load.
Reactor kinetics
According to the general relationship of Stover-Kincannon (Eq. (1)), the COD removal can be predicted on biofilm completely mixed reactors (González-Martínez et al., 2000) . Eq. 
Plotting 1/L R vs. 1/L 0 different lines can be obtained for total and dissolved COD. Figure 8 shows that the removal rate is proportional to the organic load over the complete tested range and that the obtained values confidently adjust to the Stover-Kincannon-Model. The value of M indicates the maximal removal rate that the system can reach under the experimental conditions. The value of k indicates the organic load needed to reach half of the removal rate.
Similarly to other hyperbolical models, "k" is a constant value representing the affinity of the biological system to the substrate to be transformed by the microorganisms. In this 
case, the k-value for dissolved COD is lower than for total COD: the microbial system can more easily use dissolved than total COD. The "M" value indicates that the maximal removal rate for total COD is significantly higher than for dissolved COD. This means that, independently of how high the organic loading values may increase; the maximal removal rate possible for dissolved COD is 9.3 and 42.0 gCOD/m 2 ·d for total COD.
Conclusions
1. The reactor performance was stable and predictable. The COD removal consistently behaves according to a general hyperbolic kinetic equation. The maximal COD removal attained was 81% for total and 71% for dissolved. 2. Nitrification was observed only for organic loads with values under 5.7 gCOD/m 2 ·d and ammonia removal for values less than 13.0 gCOD/m 2 ·d. 3. The tested material offered a specific surface area of 590 m 2 /m 3 . Good adherence of the microorganisms was observed for the applied organic loading rates. After several months of operation, the material showed no signs of abrasion or deformation. The material could be easily fluidised in the liquid with the mixing provided by the air diffuser. 4. The observed yield coefficient values were lower than those reported in the literature for biofilms and activated sludge systems. 5. The sludge production behaved linearly with the organic load reaching 979 gTSS/d with the highest organic load of 35.7 gCOD/m 2 ·d. The microorganisms attached (dry solids) to the carrier increased with the organic load tending to an asymptotical maximal value of 17.3 g/m 2 . 6. Mean cellular retention times from 2.0 to 23.1 days were obtained. These values were under 5 days for organic loading rates over 10 gCOD/m 2 ·d. 7. Higher phosphate removal rates were achieved with lower organic loads. 
